cellobiose from the endolytically cut cellulose. b-glucosidases then convert the potentially inhibitory cellobiose and higher cellodextrins to glucose [8] . The best characterized example of this is the cellulase system produced by wood soft rot fungus, Hypocrea jecorina (formerly Trichoderma reesei), which is used in most commercial cellulase preparations [9, 10, 20, 21] . H. jecorina secretes eight endo glucanases (Cel7B, Cel5A, Cel12A, Cel61A, Cel45A, Cel74A, Cel5B and Cel61B), two cellobiohydrolases (Cel6A, Cel7A) and several b-glucosidases (e.g., Cel3A) [11, 16, [22] [23] [24] [25] [26] with Cel5A, Cel6A, and Cel7A responsible for the majority of the cellulase activity of this fungus [11, [27] [28] [29] [30] .
Hemicellulose
Hemicellulose is the second most abundant CP among terrestrial plants but varies depending on the plant's taxonomic classification (i.e., dicotyledonous or monocotyledonous angiosperm/gymnosperm), developmental stage and tissue type. In some plants/tissue, hemicellulose constitutes as much as 40% of dry mass [31] . The polymers of hemicellulose are classified by the sugar residue(s) in the backbone; for example, xylans are poly b-1,4-d-xylopyranose, mannans consist of b-1,4-mannopyranoses, and there are various b-glucans also found in the hemicellulose of lignocellulosic biomass. In all cases, hemicellulose polymers form a sheath around cellulose microfibrils and macrofibrils to link microfibrils and macrofibrils together [32] [33] [34] [35] .
The core hemicelluloses of hardwoods (dicotyledonous plants) are composed of O-Acetyl-4-Omethylglucuronoxylan (MGX) and glucomannans (GM) [36, 37] . MGX consists of a xylan backbone in which upwards of 20% of the xylose monomers are acetylated at the C-2 or C-3 and can have 4-methyl glucuronate attached at C-2. GM polymers, in general, are composed of nearly equal proportions of unsubstituted d-glucopyranose and d-mannopyranose joined by b-1,4 linkages [38] . Both polymers can be estimated from the composition of the material; for example, hybrid poplar (a hardwood), appears to contain approximately 19% MGX and 4% GM by weight. To degrade MGX, acetylxylan esterases remove the acetyl groups and a-4-methylglucuronidases are required, in addition to endoxylanases and xylosidases, to hydrolyze the remaining polymer. Degradation of GM involves endomannanases, endoglucanases and the corresponding b-gluco-or mannosidases [39] [40] [41] .
Arabinoxylan (AX) is the dominant hemicellulose of grasses. Switchgrass appears to be 28% AX by weight. Corn stover is 26% AX. AX consists of a b-1,4-dxylopyranose backbone with a high frequency of a-1,2 and/or a-1,3-l-arabinose substitutions and lower frequency of a-1,2,4-methylglucuronate substitutions [38, 42] . The l-arabinose is generally linked to the ferulic or coumaric acid associated with the lignin component of the cell wall [43] . Hydrolysis of AX requires arabinofuranosidases to remove arabinose substitutes and xylanases, as well as the aforementioned glucuronidases to release methylglucuronate.
The most common hemicelluloses of softwoods are galactoglucomannan (GGM) and arabinoglucuronoxylan (AGX) [44] . The backbone of GGM is similar to GM but d-mannopyranose is the dominant sugar and backbone sugar substitutions are more frequent. Typical backbone modifications of GGM are a-1,6-d-galactopyranose substitutions on the mannan units and the addition of acetyl groups at the 2 or 3 positions of the mannan units. The AGX class of softwood hemicelluloses is based upon a b-1,4-d-xylopyranose backbone similar to the AX hemicellulose, but with a lower frequency of a-1,2/a-1,3-l-arabinose and a-1,3,4-methyl glucuronate substitutions; for example, pinewood seems to contain approximately 13-15% GGM and 10% AGX, assuming all of the galactose and mannose is found in GGM and all of the xylose, glucuronic acid and arabinose is in the AGX. Many softwoods also contain arabinans (A) and arabinogalactans (AG). Degradation of softwood hemicellulose polymer shares many of the same enzymes as degradation of MGX, GM and AX with the added requirements for a/b-galactosidases and arabinanases.
Pectic components
Pectins represent a complex range of carbohydrate molecules that function to link the layers of hemicellulose and cellulose together. Its backbone is composed chiefly of a-(1-4)-galacturonan interrupted by units of a-l-(1-2)-rhamnose [14, 101] . The rhamnose-rich regions are frequently branched with side chains composed of neutral sugars of the arabinan/ arabinogalactan type. These segments constitute the so-called 'hairy' regions in contrast to unsubstituted galacturonan segments or 'smooth' regions. Pectins constitute as much as 35% of the cell wall of dicotyledonous plants (e.g., hardwoods) whereas in monocotyledonous plants (grasses), less is present and it is of a different structure [42] .
Three pectic polysaccharides: homogalacturonan, rhamnogalacturonan-I and substituted galacturonans, have been isolated from primary plant cell walls [45] . Homogalacturonan (HG) is a linear chain of a-1,4-d-galacturonate in which some of the carboxyl groups are methyl-esterified. O-acetylation at the C-2 and C-3 positions is also observed. Rhamnogalacturonan (RG)-1 has rhamnopyranosyl residues inserted in the galacturonate backbone with total content of 1-4%. The other major feature of these RG-1 chains is large substituted side polymers. Between 20 and 80% of the rhamnopyranosyl residues can be substituted at C-4 with neutral and acidic oligosaccharide side chains. The predominant side chains contain large linear and branched a-l-arabinofuranosyl and/ or b-d-galactopyranosyl residues and their relative proportion and chain lengths differ depending on plant source. RG-II is composed of 1,4-linked a-d-galacturonate residues similar to HG with nonsaccharide or octasaccharide side chains attached at C-2 of some of the backbone residues and two structurally different disaccharides attached to C-3 of the backbone. Degradation of pectic polymers requires pectin methyl esterases to remove methyl groups from carboxyl groups in HG, RG-I and RG-II, and pectate/pectin lyases, polygalacturonase and rhamnogalacturonanase to cleave the polymer and release sugar derivatives.
Facilitation of enzyme digestion
The complex structure of cellulosic biomass serves as an impediment to enzyme digestion. The layered structure forms barriers that require distinct enzymes to digest them, as described above. Brigham et al., for example, list 26 enzyme classes that are involved in the processing of just the hemicelluloses [46] . Some oligomeric hydrolysis products from hemicellulose also adversely affect the efficiency of cellulose hydrolysis [47] . Carbohydrate polymers of cellulosic biomass are tightly complexed with lignin, a complex mixture of aromatic alcohols that forms a difficult to digest phenolic matrix [12, 48, 49] , primarily through the hemicellulose polymers. Lignin not only restricts enzymes access to their substrate, but lignin is also a nonspecific absorbant of enzymes [50, 51] .
Most commercially available cellulases are primarily designed to degrade cellulose. Owing to this, cellulase accessibility to cellulose is inversely related to the hemicellulose and lignin content [47, [52] [53] [54] . The higher the hemicellulose/lignin content, the slower the degradation and the lower the overall conversion of the material into sugars [33, [55] [56] [57] . The barriers formed by lignin and hemicellulase must therefore be penetrated for effective digestion. The barrier posed by hemicellulose, unfortunately, varies with the plant species and requires different enzymes to digest; for example, the enzyme cocktails designed for cellulose and xylan hydrolysis in hardwoods are not effective in removing the barrier formed by the hemicellulose of softwoods [58, 59] .
To partially overcome the recalcitrance of native biomass to digestion, chemical pretreatments are used to selectively reduce hemicellulose and lignin fractions of the biomass and/or disrupt the lignin-carbohydrate linkages to improve the digestibility [60] [61] [62] [63] . These pretreatments include mechanical, biological, thermal and/or chemical processing of the material prior to digestion [46, 64, 65] . Thus, the pretreatments enable the available enzyme mixtures to be effective.
While pretreatments improve digestibility of the material, it is apparent that they do not fractionate biomass into chemically pure CP fractions unless expensive, high-stringency pretreatments are employed, such as organosolv [66, 67] and phosphoric acid/solvent-based cellulose solvent-and organic solvent-based lignocellulose fractionation [68] . Although the majority of hemicellulose can be released via low pH or other chemical pretreatments [69] [70] [71] [72] , these methods are highly capital intensive and generate downstream inhibitors. Alternatively, many of the less severe and more costeffective pretreatments leave 30-100% of the original hemicellulose in the pretreated solids [62, 73] . Since such uneconomically high enzyme loadings are required to digest the material and overall yield reduced, it is thus clear that methods to economically digest cellulosic biomass to its constituent sugars need to be developed.
Saccharophagus degradans 2-40
The complexity in biomass composition and the limitations of the fungal cellulase systems for digesting biomass argues for new sources of enzymes to release sugars from biomass. One such source is S. degradans 2-40 (Sde2-40; early name Microbulbifer degradans 2-40). Sde2-40 was originally isolated from decaying saltwater marsh grass, Spartina alternaflora, in Chesapeake Bay, VA, USA [74] . The 16S rDNA ana lysis shows Sde2-40 to be a member of the g-subclass of proteobacteria and it is related to Microbulbifer hydrolyticus and to Teredinibacter turninae [75] , cellulolytic nitrogen-fixing symbionts of shipworms. Owing to this similarity, Sde2-40 has been placed in a new genus, Saccharophagus, as part of newly emerging Microbulbifer/Teredinibacter/Saccharophagus group of marine carbohydrate degraders [76] .
Sde2-40 is a relatively simple bacterium. Cells of Sde2-40 are pleomorphic, 'Gram-negative' rods, averaging 1.5-3.0 mm in length and 0.5 mm in width during the exponential phase of growth on glucose. Colonies on solid media are cream in color and then turn black upon eumelanin production late in growth. The bacterium can grow at temperatures ranging from 4 to 37°C with an optimum temperature of 30°C. Optimum pH for growth is 7.5 with a range of 6.0-10.0. As a marine bacterium, Sde2-40 requires sea salts in the range 1 to 5% for growth with an optimum of 3.5% [75, 76] . Under such optimal conditions, the doubling time can be less than 120 min on simple sugars [77] . This bacterium has been grown to high density and an OD 600 in excess of 30 has been achieved in up to 1000 l cultures [Rose & Hutcheson, Unpublished Data], opening up the possibility of using this bacterium as an enzyme source.
The utility of this bacterium is derived from its c atabolic capabilities. This bacterium is a versatile sa prophyte that can use a variety of polysaccharides as the major carbon and energy sources for growth. Sde2-40 is able to grow using Avicel ® , galactomannan, glucomannan, birchwood xylan, beechwood xylan, oatspelt xylan, filter paper (Whatman #1), cotton linters, barley glucan, citrus pectin and laminarin as the major carbon and energy sources. In some cases, the growth rate on these substrates is equivalent to or greater than the growth rate on glucose (Figure 1 ). This bacterium can also grow in monoculture using such whole plant material as newsprint and corn stover as the major carbon source to degrade and mineralize these materials. The bacterium can also degrade tequila bygasse, including crystalline cellulose [77] . However, it does not grow well on p olypeptides as the major carbon source.
The ability to grow on these polysaccharides indicates that this bacterium produces the enzymes to degrade these polysaccharides to their constituent sugars. Sde2-40 is capable of processing many CPs, such as cellulose, various hemicellulose polymers and pectin, to their elemental sugars or sugar derivatives through the substrate-specific production of complex enzyme mixtures [78] . This microorganism is capable of degrading a spectrum of CPs such as agar, alginic acid, carrageenan, cellulose, chitin, glucan, laminarin, pectin, pullulan, starch and various xylans (Table 1 ) [78] [79] [80] [81] [82] [83] . These CPs are derived from numerous sources, including algae, land plants, crustaceans, bacteria and fungi.
Owing to its potential involvement in ocean and estuarine carbon cycles, the US Department of Energy obtained the complete genome sequence of this bacterium [102] . The genome of Sde2-40 is a single circular chromosome of 5,057,531 base pairs (bp) [82] . Overall, the Sde2-40 genome is 45.8% G+C. A total of 4008 protein-encoding genes were predicted, averaging 1094 bp in length, with intergenic regions averaging 166 bp. The open reading frames (ORFs) account for 4,385,202 nucleotides of coding sequence (86.7%). An additional 9 ORFs are classified as pseudogenes. For 2575 of the genes with an identifiable ortholog in the databases, the closest homolog was found in a g-subgroup proteo bacterium with the largest representation (1057) present in a fluorescent pseudomonad or the closely related Hahella chejuensis. Nearly all of these genes appear to function in basic metabolism suggestive of an ancestral relationship; however, little synteny was observed with several Pseudomonas genomes or that of H. chejuensis.
The genome annotation, which was revised prior to formal publication, is consistent with the observed degradative capabilities of the bacterium [82] . At least 180 gene models were predicted to encode enzymes involved in the depolymerization of CPs (Table 2) and 95% of these are likely to be secreted via a type II secretion system. In addition, there are another 200 genes that are likely to be involved in signaling, regulation and further metabolism of CPs. It is also noteworthy that the Sde2-40 genome also includes homologs to 33 polysaccharide lyases (PLs) [80, 82, 84] . Of the 33, 23 Sde2-40 PLs are modular proteins. The net is approximately 10% of the genome that is devoted to the processing of CPs. As such, Sde2-40 appears to be one of the most prolific carbohydrase producers identified thus far [103] .
In addition to a plethora of Sde2-40 homologs carrying glycoside hydrolase (GH) and PL domains, 127 annotated polypeptides carried a homolog to at least one known carbohydrate-binding module (CBM), which is higher than what can be detected in the genome of most other organisms [80, 82] . Since the substrate-binding specificities of the CBM are considered important in assessing S. degradans 2-40 was grown in 2-40 broth medium containing glucose as the major carbon source [77, 82] . Aliquots of cells were sterilely collected by centrifugation and resuspended in sterile media containing the indicated carbon source at 0.2%. Populations were monitored using the OD 600 and maximal growth rate reported in generations per hour. Newsprint; autoclaved newsprint from a local newspaper; switchgrass; ground untreated shoot material; corn leaves; ground untreated corn leaves; xylan; and birchwood xylan. See also [77] .
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Biofuels (2011) 2(1) future science group the binding sites, the presence of a CBM can be used in the prediction of function [85] [86] [87] ; for example, although the GH5 module of Cel5D functions as an endoglucanase [88] , the CBM2 and CBM10 are both predicted to bind crystalline cellulose. Thus, Cel5D is thought to bind and act on or near crystalline regions [80] . Binding modules for attaching to polyisoprenoid, a possible lignin homolog, and cadherin have also been identified [89, 90] .
Some of the carbohydrases of Sde2-40 are structurally unusual and are characterized by extreme modularity as previously discussed. Phylogenetic ana lysis suggests some carbohydrases are chimeras that probably evolved from multiple sources [82,91, 
Each cell represents a GH family that is the sum of the tens unit row and the unit column. The number indicates the number of gene models in the Saccharophagus degradans 2-40 genome with a detectable homolog. For example, there are 13 homologs carrying an apparent GH43 domain. '-' indicates the absence of an apparent homolog in the genome. GH: Glycoside hydrolase. Data extracted from [103] .
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More than a quarter of the carbohydrate depolymerases have polyserine linkers (PSL) where they are believed to function as flexible spacers or linkers between modules/domains [80, 82, 92] . In Sde2-40, these PSL regions are most common in extracellular carbohydrases.
Biomass degradation systems of S. degradans.

Cellulases
The cellulases of S. degradans are unlike those of most other known cellulolytic bacteria or fungi [82, 88] . In addition to GH6 and GH9 cellulases commonly found in cellulolytic bacteria, Sde2-40 expresses an unusually high number of cellulases carrying GH5 (Table 3 ) [80] . Of the 13 annotated endoglucanases, ten carry GH5 modules. There are also six 'cellulase accessory enzymes' to process cellulose oligosaccharides. These include five cellobiases and a cellobiose phosphorylase. Except for two of the cello biases and the phosphorylase, the other enzymes include an N-terminal Type II secretion signal sequence indicating they are likely to be secreted. Two endoglucanases (Cel5B and Cel5C), as well as the cellobiases Ced3A, Ced3B and Bgl3C also contain lipobox motifs, suggestive of anchoring in the outer membrane via acylation. Of the 13 endoglucanases, eight also contain aforementioned PSLs and have homologs in Cellvibrio japonicus [93, 94] and Clostridium thermocellum [95] . Most S. degradans cellulases contain one or more CBMs belonging to families 2, 6, and 10. A total of four endoglucanases, Cel5D, Cel5I, Cel6A and Cel9B, have one or more CBMs predicted to bind crystalline cellulose [79] . In addition, six other endoglucanases contain one or more CBM6 modules more typical of binding to amorphous polymers [80] . Only three endoglucanases as well as the cellodextrinases, cellobiases and phosphorylase appear to lack a CBM entirely. The absence of obvious dockerin domains conserved among various cellulases suggests that few of these enzymes, if any, are localized to cellulosomes. Analysis of Avicel-grown cultures confirmed the production of multiple cellulases by this bacterium. In excess of 20 zones of activity were detected in zymograms containing hydroxyethyl (HE)-cellulose or barley b-glucan (Figure 2) . Analysis of culture supernatants by HPLC-MS/MS [80] repeatedly detected Cel5H, Cel5I, and Cel9B, the accessory enzymes Ced3A and Ced3B as well as the cellobiase, Bgl3C. In order to establish the role of these cellulases in cellulose degradation, genes encoding each of the enzymes mentioned above were expressed in E. coli and purified [88] . Most of the purified GH5 glucanases exhibited activity consistent Adapted from [80] , as modified by [82, 88] . ‡ See CAZy website for GH designations [103] . CBM: Carbohydrate-binding module; EPR: Glu/Pro-rich region; GH: Glycoside hydrolase; MW: Molecular weight; (P): Likely processive enzymes; P-: Demonstrated processive enzyme; PLP: Phospholipase-like; PSL: Polyserine linker.
Biofuels (2011) 2(1) future science group with their annotation. The glucanase activity of the expressed enzymes had pH optima of approximately 6.5, did not require salts and functioned up to 50°C. In contrast to most fungal cellulases, Sde2-40 Cel5B, Cel5D, Cel5E, Cel5F and Cel5G retained at least 60% of the optimal activity at pH 8.0. However, glucanase activity of these endoglucanases was inversely proportional to the crystallinity of the cellulose substrate with the highest activity observed on soluble CMC [88] .
Using the activity, expression and spatial distribution data for the cellulases, a model for how this bacterium degrades cellulose was deduced (Figure 3) . Depending upon the resident CBM and linker domain, the various endoglucanases function to hydrolyze amorphous or crystalline cellulose to release cellodextrins. The involvement of one or more CBM proteins in decrystallizing cellulose is also likely. Since the expression of processive endoglucanases is much higher than the other endo glucanases [80, 88] , most of the cellulose and cellodextrins are most probably acted upon by processive endoglucanases to create cellobiose and cellotriose. Since each of these enzymes has secretion signals and is present in culture filtrates, this occurs outside of the cell.
Two metabolic pathways appear to contribute to the metabolism of the cellodextrins and cellobiose released by the activity of these enzymes [96] . In one pathway, the surface-attached cellodextrinases/b-glucosidases can convert these molecules into glucose. This externally produced glucose is imported by a presently unidentified transporter and then metabolized by EntnerDoudoroff or pentose phosphate pathways. Genes annotated to produce the enzymes for each of these metabolic pathways are present in the genome. Alternatively, the cellobiose can be imported and converted to glucose-6-phosphate by the activity of Cep94A, a cellobiose phosphorolase and phosphoglucomutase. The resulting glucose phosphate is then metabolized as above.
Hemicellulases
Since S. degradans was isolated from decaying plant matter and is able to rapidly mineralize many CPs, the real strength of this bacterium may be the hemicellulases it produces, since growth on many of these hemicellulose polymers matches or exceeds that on glucose (Figure 1) . Metabolic profiling has indicated that S. degradans expresses a robust system for metabolizing xylan [83, 97] . Practically, S. degradans is annotated to carry genes encoding the enzymes to break down all known forms of hemicellulose [82] ; for example, genes for four apparent acetylxylan esterases to remove the acetyl groups from the core hemicelluloses of dicotyledonous plants are present. Further degradation of MGX and GM appears to be performed by five GH10 and two GH11 xylanases, 3a-and b-xylosidases, 4a-and b-glucuronidases, 4a-galactosidases, 5b-1,4-endomannanases and 2b-1,4-mannosidases. To digest the AX of grasses, S. degradans is equipped with at least four GH43 and one GH51 arabinofuranosidases as well as the xylanases and glucuronidases mentioned above. The bacterium appears to express the aforementioned mannanases, the aforementioned a-galactosidases and a/b-glucuronidases, and at least three deacetylases, to process the GGM and AGX of softwoods. There are also two genes for b-galactosidases and the genes for an arabinanase system composed of five depolymerases and two arabinogalactanases. These enzymes also appear to be spatially arrayed. Many of the xylanases, for example, contain lipobox signature sequence (LPB) suggesting that these proteins are anchored on the outer surface of the outer membrane. While many of the above activities have been detected in lysates of this bacterium, linkage to a specific enzyme has only been demonstrated for .8], 2.5% Triton X-100, 2 mM dithiothreitol, 2.5 mM CaCl 2 ) overnight at a temperature of 4°C as described in [77, 82] . Glucan-free areas indicative of glucanase activity were visualized by staining the gel with 0.25% Congo Red.
Novelties of the cellulolytic system of a marine bacterium applicable to cellulosic sugar production Review future science group www.future-science.com a few gene products; for example, Xyn10D has been demonstrated to be a endoxylanase [98] .
Pectinases
Equally robust is the pectinolytic system. This bacterium is strongly pecteolytic and can grow rapidly on neutralized pectins (data not shown). Degradation of pectic polymers requires pectin methyl esterases to remove methyl groups in HG, RG-I and RG-II and pectate/pectin lyases, polygalacturonases and rhamnogalacturonanases to cleave the polymer and release sugar derivatives. Currently 12 pectate lyases, two pectin methylesterases and a rhamnogalacturonananase have been annotated as a part of pectinolytic system of Sde2-40. If verified, the pectinolytic system of this bacterium would consist of more pectinases than found in many soft rot pathogens of plants.
Impact of S. degradans enzymes on commercial cellulase activity
This unique ability of S. degradans to degrade many CPs opens up the possibility of using this bacterium as a source for carbohydrases to saccharify lignocellulosic materials. However, early on we found that the bias of S. degradans cellulases toward amorphous cellulose precludes the use of this organism as a sole enzyme source to process biomass at the present time [Kumar, Santos & Hutcheson, unpublished data] . However the addition of a broad spectrum of hemicellulases from this bacterium (Ethazyme ® ), to one of several commercial T. reesei-derived cellulase systems, reduces the stringency of the pretreatment needed to just the partial extraction of the lignin. As shown in Figure 4 , a hemicellulase enzyme mixture from this bacterium synergistically stimulated digestion of delignified corn cob future science group described in this article, and converting those sugars into the fuel or fuel precursor of choice. Producing sugars from cellulosic biomass economically will require finding a balance between pretreatment of biomass and the enzyme mixture used in the digestion. At present, pretreatments are aimed at preparing the material for digestion. Such pretreatments can be expensive in order to achieve the relatively high cellulose purities that are necessary to minimize cellulase dosages. In addition, these pretreatments are inefficient because a significant portion of the sugars in the material can be lost. Using a broader spectrum of enzymes in the digestion would enable the use of less stringent/expensive pretreatments because the need for chemical purity of the cellulose is reduced and more sugars could be directed toward fuel production. The challenge will be to do this economically so that the resulting fuel product can compete effectively with petroleum-derived fuels. Thus, as new generations of enzyme mixtures for saccharification of biomass come online, there is likely to be a continued expansion of their capabilities to release sugars from complex polysaccharides as well as the promised reductions in cost to make production of cellulosic sugars cost competitive. There is another viable alternative in the form of consolidated processing. The fuel-producing organism is capable of converting cellulosic biomass into the fuel of interest directly. Production of some advanced biofuels from sugars is now possible, albeit with some inefficiencies, and is under commercial development. The next step is using cellulosic biomass for this process. An organism such as S. degradans would be ideal in this application. Where indicated as 'pretreated', raw corn cob was extracted using dilute alkaline to reduce the lignin content by approximately 66%. Each reaction mixture contained 2% solids suspended in 50-mM citrate buffer, pH 6. The digestion was performed at 32°C using 7.5 filter paper units of a commercially available fungal cellulase per gram of glucan in the sample at pH 5.5. The digestions containing only cellulase are labeled as 'Cel'. The digestions containing a mixture of the cellulase and Saccharophagus degradans hemicellulases (Ethazyme®) are labeled as 'Cel + Hem'. S. degradans hemicellulases in a lystate from 5 x 10 10 cells were used per gram glucan in the sample. After 72-h digestion, concentration of glucose and xylose in the supernatant was determined by the standard National Renewable Energy Laboratory method using HPLC with Aminex HPX-87H column. The conversion percentage was calculated using the amount of sugar released by the digestion relative to the empirically determined sugar composition of the feedstock used.
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by commercially available cellulases by at least sixfold. A boost in activity is observed for both glucan and xylan degradation. Thus, the spectrum of enzymes produced by this bacterium can, at least partially, overcome the limitations resulting from the complexity of the material. Thus, the enzymes of this bacterium hold the potential to solve several of the major problems in the cellulosic biofuel and green chemical industries.
Future perspective
The economic riddle before us is how to develop costeffective methods to convert of biomass to a biofuel of interest. One approach involves releasing the sugars captive in the biomass using enzymes, such as those 
Executive summary
The challenges of digesting cellulosic biomass?
Biomass contains partially crystalline cellulose encased in hemicellulose, pectin and lignin. These polymers can be degraded to fermentable sugars if the right conditions can be established. In this article, we first review the properties of these polymers and the role of pretreatments in the processing of biomass to sugars. These studies suggest that expanded activities of the enzyme mix should aid in the processing of biomass.
What is Saccharophagus degradans 2-40?
An alternative source for the needed enzymes is a bacterium isolated from the marine estuary, one of the most productive environments on the planet. In this section, the biomass-degrading properties of this bacterium, S. degradans, and its genome are discussed.
Biomass degradation systems of S. degradans
This bacterium produces degradative systems for each of the polymers found in biomass, which enables it to grow on whole biomass. The properties of the cellulases, the various hemicellulases, and the pectinases are presented and their mechanisms of operation discussed.
Impact of S. degradans enzymes on biomass digestion
Synergisms between commercial cellulases and this bacterium's enzymes are explored. Potential future applications of using this bacterium's enzymes or the bacterium itself in consolidated bioprocessing are discussed.
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